Scanning tunneling microscopy (STM) is used for replacement patterning of self-assembled monolayers (SAMs) of thiols on a sub-10 nm scale. Contrasting other schemes of scanning probe patterning of SAMs, the exchange of molecules relies on differences in conductance and, thus, occurs under tunneling conditions where the resolution of the tip is maintained. Exchange takes place at the boundary between different thiols but only when the tip moves from areas of lower to higher conductance. In combination with SAMs which exhibit excellent structural quality, patterns with a contour definition of ±1 molecule, lines as thin as 2.5 nm and islands with an area of less than 20 nm 2 are straightforwardly produced. It is suggested that the shear force exerted onto the molecules with the lower conductance triggers displacement of the one with higher conductance.
Introduction
With self-assembled monolayers (SAMs) constituting an essential element of nanotechnology [1] [2] [3] [4] , their patterning on an ever-shrinking length scale is a topic crucial for addressing both fundamental aspects in nanoscience and technological applications.
To access the sub-100 nm range a number of patterning techniques based on electrons, photons, mechanical forces or electrochemical processes have been developed such as electron beam lithography (EBL) [5, 6] , extreme-UV interference lithography (EUV-IL) [7] and scanning probe microscopies (SPM), with the latter comprising near-field optical microscopy (SNOM) [8] , scanning tunneling microscopy (STM) [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and atomic force microscopy (AFM) [20] [21] [22] [23] [24] [25] . Dip pen nanolithography (DPN) [26] [27] [28] as another AFM-derived technique which is not based on replacement like nanografting [20, 21] but uses localized transfer of material also allows rather routine access to feature sizes below 100 nm, even in a parallelized fashion [29, 30] .
Regardless of the techniques applied to generate patterned SAMs, values of typically 10-20 nm, i.e. still significantly larger than molecular dimensions, have been reported in demonstrations of resolution. Furthermore, a closer look at structures reveals that feature dimensions are not exactly defined but exhibit significant variations up to several nanometers, a problem making reproducible and accurate studies on the lower end of the nanometer scale difficult. To tackle this challenge it is important to address not only the patterning technique but also consider the relationship between the structure of a SAM and its behavior towards patterning. With regard to the former, STM as the technique with the highest resolution seems an obvious choice for the generation of ultrasmall patterns and it has indeed been exploited for nanoscale patterning by either applying sufficiently high tunneling bias, typically of the order of several volts [11, 17, 18, 31] , or high current setpoint which moves the tip close to the surface [19, 31, 32] . In the case of voltage-induced modification electrochemical processes have been identified to be important in a liquid environment [10, 12, 18] whereas in vacuum/air field emission of electrons and/or current-induced bond breaking have been suggested as mechanisms [17, 21] . In the case of high tunneling current the tip penetrates the SAM, thus resulting in the mechanical displacement of molecules similar to nanoshaving/nanografting by AFM [20, 21] . While SAM modification by STM was demonstrated already quite some time ago [11, 16, 31] this approach has, however, been relatively limited [9] [10] [11] [12] [13] [14] [15] [16] [17] as it is plagued by a lack of reproducibility due to the required strong interactions between STM tip and SAM which easily result in tip modification and quick deterioration of resolution. Therefore, STM does not seem to offer any advantage over AFM techniques with their somewhat lower resolution but the use of a more robust tip. As far as the system is concerned, there has been no detailed investigations of how structure and energetics of a SAM enter into the patterning process. This, however, can be expected to be important since size distribution and orientation of domains, inhomogeneities in molecular packing and, thus, intermolecular and substrate-molecule interactions will affect the precision to which a SAM can be modified on the envisaged length scale.
In this paper we report a patterning mechanism which differs from previously described ones and demonstrate that, through a properly designed SAM, patterning by STM can be performed reliably and at high accuracy. Contrasting existing grafting schemes, the approach taken here exploits the difference in tunneling resistance between matrix and guest molecules. As a consequence, conditions under which the matrix SAM is modified are more gentle compared to voltageor current-induced patterning. Major changes of the STM tip are, thus, avoided and molecular resolution is maintained throughout the experiment.
Experimental details
Octadecanethiol (95%, Fluka), dodecanethiol (98%, Fluka), hexadecane (99%, Aldrich) and ethanol (AnalR, BDH) were used as received.
2-(4 -methyl-biphenyl-4-yl)-ethanethiol (BP2) was synthesized as described previously [33] . Mica substrates with an epitaxial Au(111) layer 300 nm thick were purchased from Georg Albert PVD, Heidelberg, Germany. Substrates were flame annealed before immersion into solutions of 1 mM BP2 in ethanol at 345 K overnight (15 h). After immersion, samples were rinsed with pure ethanol and blown dry with nitrogen. The thus-obtained low temperature phase of BP2 was converted into the δ phase (vide infra) by annealing [34] of the sample in a sealed, nitrogen-purged container (418 K for 10 h).
For imaging a PicoPlus microscope (molecular imaging) was used. Tips were mechanically cut from a 0.25 mm Pt/Ir wire (80:20, Goodfellow). STM images were recorded in constant current mode and are all presented as acquired. STMcontrolled replacement experiments were carried out at room temperature in a home-built Teflon cell using a 10 mM solution of an alkane thiol (CH 3 (CH 2 ) n−1 SH, MCn) in hexadecane. Replacement requires an initial defect in the BP2 for which either a random defect already present in the BP2 SAM or an STM-generated defect was used. The former can be controlled through sample preparation, e.g. cleanliness of the substrate. The latter was created by gentle pulsing (2.5-3.0 V for 50 ms) of the STM tip.
Results
The matrix SAM consists of 2-(4 -methyl-biphenyl-4-yl)-ethane thiol (CH 3 C 6 H 4 -C 6 H 4 -(CH 2 ) 2 SH, BP2) which belongs to a class of molecules whose characteristics is the combination of a rigid aromatic moiety with an aliphatic spacer as described in detail previously [33] [34] [35] [36] [37] [38] [39] . The length of the spacer was chosen according to the concept of competitive design [38, 39] which has been shown to yield polymorphic SAMs with phases of very high structural quality [34, 38, 39] . For the present experiments the δ phase of BP2 SAMs was used which exhibits a rectangular (2 √ 3 × 2) unit cell [34] . Since a defect-free δ phase of the BP2 SAMs is stable against spontaneous exchange not only by mere exposure to a thiol solution [34] but also upon scanning in a thiol-containing solution, an initial small defect is required for STM-induced patterning to occur, as will become clear later. Usually such a defect was created by gentle pulsing of the STM tip but also intrinsic defects [40] , which are occasionally present on the sample depending on the pretreatment of the substrate, could be used.
The process of STM-induced replacement is illustrated in figure 1(a) where replacement of BP2 by octadecane thiol (MC18) is depicted in a sequence of STM images using a single set of tunneling parameters, i.e. imaging and modification are done simultaneously. Starting from two circular defects, repeated scanning of the same area results in an exchange seen as an increase in patch size. Three points are noteworthy here. Firstly, in pronounced contrast to the usual modification parameters, the present ones (0.5 V/50 pA) are rather gentle and the tip does not penetrate the BP2 SAM [41] . Furthermore, it does not depend on bias sign. Secondly, the presence of the thiol in the solvent is required since in pure hexadecane no alteration of the BP2 SAM is seen even for extended scanning under tunneling conditions where the tip is significantly closer to the substrate. Thirdly, the way replacement progresses is also quite different from normal nanografting. Instead of exchange occurring all along a scan line, displacement occurs by translation of the BP2/alkane thiol boundary. Evidence that the growing patches consist of the alkane thiol is provided in figure 1(b) which shows molecularly resolved images of an MC12 patch surrounded by the original BP2 SAM. The patch shows domains of well-ordered MC12 molecules with, as revealed by the Fourier transform (upper left inset), a hexagonal packing of the alkane thiol molecules which contrasts with the rectangular geometry for BP2. The highly crystalline arrangement of the alkane thiols within a few minutes of the experiment is in agreement with earlier reports that the kinetics of SAM formation proceeds significantly faster in confined geometry than in an unrestricted one [42, 43] . With respect to the tunneling contrast we note that in the constant current images areas of alkane thiols appear deeper, irrespective of the length of the molecules which was varied from MC6 to MC18, i.e. compared to BP2 from geometrically shorter to longer molecules. This is caused by the difference in tunneling resistance which is higher for the saturated hydrocarbon chains of alkane thiols compared to BP2 bearing aromatic moieties.
This gentle modification protocol can be exploited for SAM patterning at very high resolution and with good reproducibility as illustrated by figure 2. Features such as lines and islands with sub-5 nm width can be easily written. Equally important as the average achievable feature size is boundaries between areas of BP2 and MC12 are very well defined within a precision of ±1 molecule. A very interesting feature which is particularly obvious in figures 2(a) and (c) is the BP2/MC12 boundary along the 112 direction. It exhibits a corrugation which nicely reflects the structure of the BP2 SAM with its (2 √ 3 × 2) unit cell (see the model in figure 2(a) ) for which a herringbone packing of the biphenyl moieties has been suggested [34] . We note at this point that the height difference between the areas of BP2 and MC12 as detailed by the height profile in figure 2(a) is only coincidentally close to a monatomic step of the gold surface. A different combination of molecules results in a different height due to differences in tunneling resistance of the molecules and molecule-substrate contacts.
A closer look at the modification parameters reveals that displacement occurs at a current even as low as 6 pA ( figure 2(a) ). In combination with a tip potential of 1.2 V such low current values are usually chosen for non-perturbing imaging and, as already mentioned above, the tip is well above the BP2 SAM under these conditions. This demonstrates, on the one hand, that only a little interference between tip and SAM is required to trigger displacement. In combination with the significantly different parameters used to generate the structure of figure 2(b) one can, on the other hand, conclude that the achievable resolution, i.e. level of precision at which a BP2/MCn boundary can be generated, does not seem to depend sensitively on tunneling current and bias. However, what is decisively affected by the tunneling parameters is the rate at which the BP2/MCn boundary moves. Bringing the tip closer to the surface increases the writing speed significantly as inferred from comparison of figures 2(a) and (b) which took 30 s (equivalent to 342 scan lines) and 1 s (equivalent to about 6 scan lines), respectively.
Another important point is that the nanostructures are stable in the solution-based environment under which the patterning is performed and, thus, further modification of patterns or individual nanostructures is possible. This is demonstrated in figure 3(a) where individual nanoislands of BP2 are eliminated one by one from an array of islands. Control over the size of a nanostructure is exemplified in figure 3(b) where an island about 70 nm 2 in size is reduced in steps to less than 30 nm 2 . It is noteworthy that the molecular resolution is maintained throughout the whole process.
As already indicated, the displacement scheme presented here differs in several aspects from established ones. With currents as small as 6 pA and/or voltages well below the energy required to break an S-Au bond, current-induced bond breaking [44, 45] can be rather safely excluded. Also, fieldinduced desorption cannot be the reason as thiol exchange occurs at potentials which are much lower than the one required for field-induced effects. Furthermore, the polarity of the bias does not affect displacement. An electrochemical process is excluded by the low bias.
This leaves us with a mechanical effect even though its mechanism is not immediately obvious since tunneling parameters are such that the tip is not in mechanical contact with the BP2 SAM. However, the fact that displacement progresses via movement of a well-defined boundary separating areas of BP2 and MCn (see figure 1(a) ) indicates that the transition region plays the decisive role. The most obvious difference between the molecules is the tunneling distance which, for a given set of tunneling parameters, is significantly smaller for MCn compared to BP2. How this affects the displacement is revealed by the experiment shown in figure 4 which starts from a line of an alkane thiol SAM written onto a BP2 SAM. As illustrated by the scheme ( figure 4(a) ), the STM tip performs a rectangular loop and during one cycle it crosses the line of alkane thiol twice but in opposite directions. Cycles in clockwise direction produces the pattern shown in figure 4(c) . The clear asymmetry in the pattern proves that displacement occurs only when going from high (MC12) to low (BP2) tunneling resistance, i.e. when the tip retracts. We propose that the mechanism is based on the shear force the tip exerts onto the thiol with the lower conductance. When the tip moves from molecules of high to those of low conductance the shear force points away from the former ones (see figure 4(d) ), whereas upon the opposite movement, i.e. low to high conductance, a pushing force is exerted onto the molecules of high conductance which weakens the Au-S bond sufficiently to be displaced by the other thiol. While this, at first glance, appears very similar to nanografting there is a fundamental difference as the tip does not displace the high conductance thiol directly but requires the low conductance thiol as mediator. Furthermore, the effect relies on the combination of conductivity and length of the molecules, i.e. their conductance. The mechanism works for displacing molecules which are shorter but have a conductance sufficiently low to give rise to a shear force above the threshold required for replacement. Correspondingly, a molecule can have a higher conductivity as long as the length of the molecule is sufficient to bring the conductance below the value required to reach the threshold shear force. The latter is corroborated by experiments using a terphenyl thiol replacing BP2 (not shown). Assuming that the conductivity is determined by the aromatic units and, thus, is very similar for both types of molecules, the lower conductance of the terphenyl thiol due to the length of the molecule again causes displacement.
Looking for other factors which might explain the experimental observations, pulling forces due to tip-induced dipolar interactions which could weaken the bonding of BP2 molecules to the substrate have also to be considered. While a contribution from such forces cannot be completely excluded it is considered small. This can be concluded, on the one hand, from experiments using the terphenyl thiol where the tip is more retracted compared to BP2. Further corroboration comes, on the other hand, from experiments varying the chain length of the alkane thiols. In this case the distance between tip and BP2 does not vary much or even increases slightly with increasing length of the alkane chain. Thus, the dipolar force does not increase and its effect on replacement should not be dependent on the chain length which is in pronounced contrast to the experiment where variation from MC6 to MC18 for a given set of tunneling parameters for the BP2 SAM causes a change from no replacement to a very quick one. As a final remark we note that the exact replacement parameters are not only determined by the conductance but are also influenced by the factors determining the energy of the SAM matrix such as the strength of the Au-thiol bond or intermolecular interactions. For SAMs such as BP2 which, due to the competitive design, are in an energetically higher state than alkane thiol SAMs or BPn homologues with an odd number of CH 2 moieties, displacement is easier and thus should occur at lower shear forces compared to more stable SAMs. 
Conclusion
Sub-10 nm scale structures in SAMs can be created in a reproducible way by STM under hexadecane solution in the presence of a second type of molecule. The presented method produces chemically well-defined phases as replacement is complete and, thus, no mixed phases are generated. While the conductance-based patterning method works also for other combinations of molecules, the advantage of using SAMs based on the architecture of molecules such as BP2 is their superb structural quality, i.e. extended domains and extremely low defect density, in combination with a low activation barrier required for displacement. These features, together with the scanning probe operating at molecular resolution, offer an approach for the generation of precisely defined structures at the ultrashort length scale.
